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Abstract. Much progress has been made in recent years by the galaxy
simulation community in making realistic galaxies, mostly by more ac-
curately capturing the effects of baryons on the structural evolution of
dark matter halos at high resolutions. This progress has altered theoreti-
cal expectations for galaxy evolution within a Cold Dark Matter (CDM)
model, reconciling many earlier discrepancies between theory and obser-
vations. Despite this reconciliation, CDM may not be an accurate model
for our Universe. Much more work must be done to understand the pre-
dictions for galaxy formation within alternative dark matter models.
1 Introduction: the need to understand baryons to
understand dark matter
Most of the matter in our Universe resides in an unknown component that
we refer to as “Dark Matter.” There is six times more mass in dark matter
than ordinary matter, which astronomers refer to as baryons. The large scale
distribution of galaxies suggests that dark matter that is “cold” (because it
travels slowly compared to the speed of light) provides an excellent description
of our Universe [1]. However, when astronomers observe galaxies they are viewing
only the ordinary matter that emits and absorbs photons.
Everything that we have learned about dark matter we have learned from
astrophysics.1 Until a dark matter particle is detected, inferring the dark mat-
ter structure of galaxies is the primary method that we have right now to put
constraints on what dark matter is.
For decades it has been assumed that, because there is so much more dark
matter than ordinary matter, dark matter dominates the gravity in the Universe,
and that wherever the dark matter is most dense, gas and stars must be there.
This assumption led theorists to make predictions for the formation of galaxies
1 With one exception: dark matter direct detection experiments have ruled out a
parameter space of cross-sections for interactions between dark matter and baryons.
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that either entirely neglected or poorly modeled the physics of gas and stars.
In doing so, a number of discrepancies between galaxy formation theory and
observations were identified, particularly on “small scales,” i.e., in small galaxies
and in the central regions of galaxies. These discrepancies have evaded solution
for so many years that they have become known collectively as the “small scale
crisis” of the Cold Dark Matter (CDM) model for galaxy formation.
However, in the last few years there has been a paradigm shift, in which
many astronomers now recognize the importance of including baryonic physics to
solve CDM’s small scale problems. Two of the most critical problems have been
the “cusp-core problem” and the “missing satellites problem.” Both problems
are generally now agreed to be alleviated (or even solved) by the inclusion of
baryonic physics.
Many simulators have demonstrated that energy injection from stars (usu-
ally referred to as “feedback”) in the form of both supernovae and energy from
young, massive stars (i.e., ionization, radiation pressure, momentum injection
from winds) can push the dark matter out of the central ∼kpc of galaxies by
generating a repeated fluctuation in the potential well [2,3,4,5]. This result rec-
onciles the dark matter density profile predicted in CDM that is steeply ris-
ing toward the center (“cuspy”) [6,7,8]) with observations which instead pre-
fer a shallower density slope or even a constant dark matter density “core”
[9,10,11,12,13,14,15,16,17,18,19,20]. Current simulations suggest that this pro-
cess is most effective in dwarf galaxies with stellar masses ∼108 M and halo
virial masses of ∼1010 M. Below this mass, less star formation leads to less
energy injection back to the interstellar gas in a galaxy, until there is simply not
enough energy to alter the tightly bound cuspy dark matter profile. At higher
masses, the deeper potential wells of galaxies like the Milky Way seem to prevent
core formation [21,22].
Early simulations that included only dark matter found that there should be
many more satellites that orbit around our Milky Way galaxy within a CDM
paradigm than we observe [23,24]. Many of these satellites are expected to be
“dark,” unable to have formed stars due to photoevaporation of their gas when
the Universe was re-ionized [25,26,27,28,29], though this process alone cannot
bring the predicted number of massive, luminous satellites into agreement with
observation [30]. However, a simulation that includes baryons includes gas (by
definition), which is able to cool itself (lose energy, primarily through radiation
of photons). This is in contrast to dark matter, which is unable to cool. Cooling
gas adds more mass to the center of the parent halo, creating stronger tidal
forces that strip mass from satellite galaxies [31], and can also destroy satellites
that pass too near the disk. Thus, the presence of a disk (which doesn’t exist
in a dark matter-only simulation) brings both the numbers and kinematics of
satellite galaxies into agreement with observations [32,30,33,34,35].
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2 Should you believe it?
The importance of baryons in creating realistic galaxies and overcoming the
small-scale problems of CDM is now recognized by many simulators. Indeed,
even simulators who do not have high enough resolution to resolve the processes
that lead to dark matter core creation still find that inclusion of baryons can
reconcile other outstanding challenges to CDM galaxy formation theory [36].
Thus, despite a range of star formation and feedback recipes, most simulators
are now capable of simulating realistic galaxies that match a wide range of
observed galaxy scaling relations (e.g., [37,38,39]).
A common question from the non-simulators at the Simons Symposium was,
“What can be trusted in the simulations?” Much work has been done by simula-
tors to address this same question. Two of the key things that go into cosmolog-
ical galaxy simulations but that vary most widely from simulation to simulation
are the efficiency at which stars are formed and the form of the energy feed-
back. A number of authors have now demonstrated that these two things are
not independent; varying one will impact the other, with the net result being
that galaxies converge to similar star formation rates and stellar masses because
galaxies “self-regulate,” i.e., a change in the star formation is counter-balanced
by subsequent feedback and vice versa [40,41,42,43,44,45,46]. Figure 1 shows
results from two different investigations of this topic. Self-regulation can occur
as long as the resolution is high enough to capture the average densities in gi-
ant molecular clouds (GMCs), and therefore that the simulation is high enough
resolution to have star formation limited to the scales of GMCs [47,48]. Ref.
[49] recently demonstrated that self-regulation is limited to the regime of strong
feedback (which most of the highest resolution simulations fall under), which
regulates the gas supply available to turn into stars. It is because of galaxy
self-regulation that most simulators operating at high resolutions generally find
similar results and come to similar conclusions about galaxy evolution, despite
varying parameters.
Another common question from non-simulators was, “What are the failings
of the simulations?” This topic is always on the minds of simulators. In gen-
eral, the biggest question right now is whether galaxy simulations can repro-
duce the range of diverse galaxy rotation curves that are currently observed
(see Manoj Kaplinghat’s summary in these proceedings). This question applies
across a range of galaxy mass scales. At Milky Way masses, most simulations fail
to create small stellar bulges, although the Milky Way and many of its largest
spiral galaxy companions in the Local Volume seem to have small stellar bulges
[50,51,52]. Simulations that do create small stellar bulges in Milky Way-mass
galaxies don’t seem to simultaneously be able to grow the disk as observed [53].
On the other hand, most high resolution Milky Way-mass simulations do not
currently include supermassive black holes with AGN feedback. For a review on
this topic, see Ref. [54].
In smaller galaxies, simulators seem to be able to create diffuse dwarfs, but
multiple authors have noted that they have not created compact dwarfs [55,56].
Possibly, this is due to small number statistics. Because zoomed simulations are
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Fig. 1. Left: The SFR of a Milky Way-like simulated galaxy is unchanged as the density
as which star formation is allowed to occur is changed (from 100 to 1000 amu cm−3).
From [44]. Right: A dwarf galaxy simulated using three different prescriptions for star
formation and feedback yields a similar result in all cases. Shown here is the resulting
rotation velocity. From [43].
computationally expensive, the number of simulated galaxies is somewhat lim-
ited. However, it is also possible that we have entered a phase in which feedback is
too strong, preventing simulations from forming the densest and thinnest galax-
ies we observe (e.g., [57]). The current inability to reproduce the full range of
diverse galaxies is being actively addressed amongst the simulation community.
3 Implications for non-CDM models
Finally, a common misunderstanding was identified by Symposium participants:
despite the fact that baryons within a CDM model can reconcile theory with
many observations, this does not mean that alternative dark matter models are
not worth pursuing. In fact, quite the opposite. A warm dark matter (WDM)
model with baryons can still solve all of the small scale problems and remain
consistent with observations, as can a self-interacting dark matter (SIDM) model
with baryons. There is no reason to believe that we understand all the properties
of dark matter, and should therefore be pursuing a wide range of ideas. Thus, the
question should really be: What are the predictions of alternative dark matter
models with baryons included?
A sterile neutrino/dark fermion remains a viable dark matter candidate
(see Kevork Abazajian’s contribution in this proceedings). Some of the tight-
est constraints on WDM come from the abundance of low-mass satellite galaxies
[58,59,60,61] and the amount of small scale structure in the Lyman-α forest
[62,63,64]. In both cases, the WDM mass must be heavy enough that the data
starts to look consistent with CDM, and the 3.5 keV line [65,66] that is possibly
produced by decay of sterile neutrinos can still be made consistent with current
observational constraints [67]. The allowed mass range of a WDM particle is thus
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very tight. Future x-ray telescopes should be able to resolve the 3.5 keV line,
which will clarify its origin. Additional constraints on WDM are likely to come
from the earliest epoch of star formation [68,69,70,71,72,73]. Because structure
formation is delayed in WDM models, a delay of star formation with respect to
CDM expectations may point to WDM as the correct model.
SIDM, on the other hand, is a model for which the constraints have only
been loosening over the past few years. After being initially invoked to solve the
cusp-core problem [74], SIDM was quickly dismissed because it was believed to
predict halo shapes that were more circular then observed [75,76]. However, the
question was revisited by Ref. [77], who demonstrated that a cross section for
interaction, σ, of about 1 cm2/g (roughly the current limit in clusters, see Manoj
Kaplinghat’s contribution in this proceedings) does not lead to enough change
in the halo shapes of clusters to significantly distinguish them from CDM. It
has also been pointed out that the cross-section for interaction is likely to be
velocity dependent, with particles moving slower relative to each other more
likely to interact. Ref. [78] introduced such a model, allowing the constraints on
cross-section at dwarf scales to be revisited.
Ref. [79] explored a dark matter-only SIDM simulation of a dwarf galaxy, at
9×109 M in halo mass. This halo was resimulated with SIDM cross-sections of
0.1, 0.5, 1, 5, 10, and 50 cm2/g. Figure 2 shows the resulting dark matter density
profiles. In essence, they are all similar enough that it would be an observational
challenge to try to distinguish between results from 0.5 to 50 cm2/g. The 50
cm2/g model is currently the largest cross-section explored to date. Even this
large cross-section cannot be ruled out, with it’s density profile being comparable
to what is inferred in observed dwarf galaxies.
Ref. [79] did not include baryonic physics, and the picture is altered further
when baryons are considered. Ref. [80] simulated a dwarf galaxy of comparable
mass to the one run by [79], but with baryons. Ref. [80] ran two models: an
SIDM model with a cross-section of 2 cm2/g, and a standard CDM model. They
discovered that the baryons begin to form a core before the SIDM model has
enough time to start significantly scattering particles to create a core. Because of
this, the resulting simulated dwarfs were identical (see Figure 2 for their density
profiles).
The largest cross-section yet explored with baryons in this same galaxy mass
range is ∼20 cm2/g (in the vdSIDMa simulation in Ref. [81]), and the results
were entirely consistent with observations. Thus, there are currently no real con-
straints on the largest allowed cross-section at dwarf galaxy scales. To constrain
the particle physics models, two approaches should be taken: an observational
approach and a simulation approach.
Observationally, there are a few hints that should be pursued further. First,
in SIDM there are regimes where the baryons are likely to follow the dark mat-
ter distribution, e.g., in dark matter-dominated dwarf galaxies when the cross-
section is large [81]. The extent to which baryons trace DM needs to be explored
in more detail, across a range of dwarf galaxy masses (from ultra-faints up to
LMC-mass galaxies) and cross-sections. Related, Ref. [82] found that SIDM satel-
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Fig. 2. Left: The density profiles for one dark matter halo of 9×109 M from Ref. [79].
The results are similar enough for 0.5 < σ < 50 cm2/g that they would be observa-
tionally indistinguishable. Right: Simulation results from Ref. [80]. Two different dwarf
galaxies are shown, run in varying models. The h516 dwarf galaxy has a similar mass
to the one run by Ref. [79]. Because baryons are effective at creating dark matter cores
at this mass, and because baryonic core creation occurs before many SIDM scatterings
in this 2 cm2/g model, both the SIDM and CDM models with baryons result in nearly
identical density profiles. The h2003 dwarf, on the other hand, is low enough in stellar
mass that baryonic effects don’t create a strong core, while the SIDM model creates
more of a dark matter core.
lites that fall into the Milky Way have their stellar orbits expanded as the halos
get tidally stripped. Can the sizes of observed satellites be used to point to a
DM model?
Second, it has been noted that baryons do not provide enough energy to
create cores in the ultra-faint dwarf galaxy range, with stellar masses < 105
M. However, SIDM could create cores in these small halos (see comparison of
h2003 SIDM and CDM models in Figure 2). Thus, measurements of the central
densities and density slopes in the inner regions of dwarf galaxies are essential.
Unfortunately, determining the central densities is a challenge. Even when sci-
entists use the same data set, they have come to different conclusions about the
presence of cores in dwarf galaxies (e.g., [83,84,85]) while ultra-faints contain
many fewer stars and will thus be even more of a challenge. However, tackling
the problem of how to determine central densities in dwarfs is an absolute pri-
ority in determining properties of dark matter — it could very well lead to a
“smoking gun” that identifies or rules out a dark matter model.
From a simulation perspective, the ideal approach would be to crank up the
SIDM interaction cross-section and ask when galaxy formation breaks. That is,
when do the simulation results stop being consistent with observations? A range
of masses, from ultra-faint dwarf galaxies to the classical dwarf mass scale used
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above, should be investigated. However, resources are limited, both in terms of
computing time and human resources. Individual simulations can require millions
of CPU hours (and to fully explore SIDM, likely up to 100 million CPU hours
would be needed). Meanwhile, few people are working on this topic given that
the field is biased toward a preference for CDM with baryons.
4 Summary
In summary, there has been much progress in understanding the role of baryons
in galaxy evolution in the past decade. To much of the astronomy community,
this has solidified their confidence in the CDM model. However, it should pri-
marily solidify their confidence in the ability of simulations to model baryonic
physics. We still do not understand dark matter, and our favorite WIMP model
continues to elude detection. Thus, we need to have an open mind about the
possible properties of dark matter. A wide range of properties still waits to be
explored in terms of consistency with galaxy evolution.
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